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Abstract 

The latest results of Higgs boson searches from the four LEP experiments, ALEPH, 
DELPHI, L3 and OPAL, are reviewed using the data taken in 1996 at center-of-mass ener- 
gies between 161 and 172 GeV. No signal was observed. The 95% CL combined lower mass 
limit for the Minimal Standard Model (MSM) Higgs boson has increased from 66 GeV at 
LEPl to 77.5 GeV with the first LEP2 data. In the framework of the Two Higgs Doublet 
Model, the charged Higgs boson mass limit has increased from 44 GeV to 54.5 GeV, in- 
dependent of the decay branching ratio. Large new (m/j,tan/3) and {mh,mA) parameter 
regions are excluded in the framework of the Minimal Supersymmetric extension of the 
Standard Model (MSSM). Preliminary results from the 1997 data-taking at 183 GeV are 
presented, and the prospects for a discovery in the near future are given. 

1 Introduction 

After six years of data-taking at the Z resonance (LEPl), the LEP machine energy was increased 
(LEP2), firstly to 130 GeV in fall 1995, and successively to 172 GeV in 1996 and then to 183 GeV 
in 1997. This review focuses on the results based on the data collected at y/s = 161 to 172 GeV 
in 1996 with a total luminosity of about 21 pb~^ for each LEP experiment. At 183 GeV, LEP 
experiments have collected data of about 55 pb~^ each. For example, first LEP2 results were 
summarized in jIHSI, and final results from LEPl were reviewed in |3]. 

The experimental evidence of Higgs bosons is crucial for understanding the mechanism of 
SU(2)xU(l) symmetry breaking and mass generation in gauge theories. The Higgs mass is not 
predicted by the theory. 

The progress made at Tevatron and LEP with respect to precise measurements of elec- 
troweak observables, mainly t-quark and W^-boson masses, has led to improved indirect con- 
straints on the Higgs boson mass. Figure Q (from |S1IS1) shows a comparison of t and W 
measurements and theoretical predictions for different MSM Higgs boson masses. Light Higgs 
boson masses are favored and an upper mass limit of 295 GeV at 95% CL is derived jHllZI- In 
addition, a typical mass region in the MSSM is shown, which predicts larger W masses. The 
current precision does not allow a distinction to be made between the MSM and the MSSM, 
leaving the MSSM as an attractive extension of the MSM. 

There are important differences between the Higgs boson searches at LEPl and LEP2: 

• The signal-to-background ratio is much better at LEP2. For example, at LEPl the ratio 
of background to the expected number of signal events for a 60 GeV Higgs boson was 
about 50,000, while at LEP2 the ratio is about 200. The large background rate at LEPl 
required a very detailed simulation of detector effects and rare background reactions. 
Furthermore, the dominant hadronic Higgs boson signature [HZ —>■ qqqq) was useless at 
LEPl because of the overwhelming QCD background. 

• In addition to the larger numbers of distinguished search signatures at LEP2, the dif- 
ferent center-of-mass energies are treated as different channels with separate signal and 

^e-mail: andre.sopczak@cern.ch 
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DacKgiouiia simulations, iiie ainereiit iviDivi niggs dosoii seaiciies at loi ana iiz y^ev 
center-of-mass energies amount to 12 search channels. The statistical treatment of the 
search optimization is therefore more complex than for LEPl. 

• While the expected MSM Higgs production at LEPl involved a real Z decaying into 
a Higgs boson and a very virtual Z, at LEP2 the Higgs boson could be produced in 
association with an on-shell Z. This additional information about the final state Z boson 
mass gives rise to better Higgs boson mass reconstruction, and thus greater sensitivity 
for a Higgs boson signal because of better background rejection. 

• At LEPl almost no irreducible background was expected, while at LEP2 some processes, 
which are now kinematically allowed, lead to signatures identical to those expected for the 
signal. Most important, when Higgs and Z masses are almost degenerate, ZZ background 
where one Z decays into bb, is not distinguishable from a Higgs signal. 

This article is structured as follows. In Section |21 the MSM Higgs results are compared, and 
in SectionElthe combination of these results with significantly greater sensitivity is reviewed. In 
Section m the results of searches in the Two Higgs Doublet model are summarized, in Sectional 
interpretations in the MSSM are given, and Section IHl contains a brief outlook. 
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Figure 1: Measured t and W masses with 
error ellipses. In the MSM (grey region) light 
Higgs boson masses are favored. The hatched 
area shows the prediction in the MSSM. 
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Figure 2: Cross section for the MSM Higgs 
production e^e~ — > ZH at different center- 
of-mass energies. 



2 MSM Higgs Boson Results 

For the MSM Higgs boson search, only the LEP2 data taken at the highest center-of-mass 
energy are relevant. Figure |21 (from [Hj) shows the Higgs boson production cross sections for 
LEPl at ^/s = 91, and LEP2 at ^/s = 161 and 172 GeV. For Higgs boson masses above about 
70 GeV, the 172 GeV data dominates the production cross section. The Higgs and Z decay 
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inoaes aeteimine tne eveiix signature in iiie aetector. i iie most imporxaiK cnai actei istic is tiiat 
Higgs decays predominantly (~ 86%) into bb. Each experiment has performed searches in the 
final states listed in Table [TJ 



Final states 


Branching fraction (in %) 




64 


{Z^iyiy){H^qq) 


18 


{Z^ee,fifi){H~^qq) 


6.2 


[Z-^TT){H^qq) 


3.1 


{Z^qq){H^TT) 


5.4 



Table 1: Final-state particles in the 
analyzed Higgs channels and approx- 
imative branching fractions. 



The four LEP experiments have chosen different event selection strategies with respect to 
the number of expected background events. ALEPH uses a very tight event selection, such 
that less than one background event is expected. No candidate event is observed in their data. 
DELPHI expects about four background events and observes two candidates. OPAL expects 
about four background events and also observes two candidates. Very loose cuts are applied 
by L3, where approximately ten background events are expected and six data events pass their 
selection for any mass hypothesis between 60 and 70 GeV. L3 uses different selection cuts for 
different mass regions; thus their total number of candidate events is 33, consistent with 38 
expected background events. The two most important channels Hqq and Huu, with the largest 
expected event rates, are discussed: 

• The Hqq channel has a four-jet event topology where one jet pair originates from hadronic 
Z decay, and the other from the Higgs decay. The Higgs boson decay branching fraction 
into a 6-quark pair is about 85%; therefore, the search uses 6-quark tagging to reduce 
the background from WW —>■ qqqq, and QCD background where gluon emission leads to 
multiple-jet events. Secondary vertices arise in &-quark events because of the production 
of long-lived i?-mesons. 

• In the Huu channel, events are characterized by two acoplanar jets carrying 6-flavor and 
large missing mass compatible with the Z mass. Background are qq events where either 
one jet is mismeasured or an energetic neutrino is produced in a semileptonic decay. 
Other reactions leading to missing energy are WW — > li'qq and Weu — > qqeu where the 
charged lepton escaped detection. For an efficient 6-quark tagging, secondary vertices are 
reconstructed in three dimensions as shown for example in Fig. IHl (from jH]). In general, 
events with undetected particles along the beam pipe from two-photon events and hard 
initial photon radiation lead to the missing energy signature. Dedicated cuts for each 
process reduce such background while maintaining high selection efficiencies. 

Table El (from based on jHlinilllllE]) gives the expected background, the simulated 
detection efficiencies and the numbers of expected signal events for all channels. Candidate 
events are listed for DELPHI and OPAL in TableEland are given for L3 in Fig.HJ No indication 
of a signal is found in the reconstructed mass spectrum. L3 attributes a weight to each candidate 
and the remaining candidates are more background- than signal-like. 

Lower limits on the Higgs boson mass are derived. In the absence of candidates the 95% CL 
limit is set where 3.0 signal events are expected. Candidates increase the number of expected 
signal events required according to their mass resolution. An overview of the mass limits is 
given in Tableland details for each experiment are shown in Figs. El to |H1 (from |Hll^ llH lT^). 
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very pieiiimnary results oi tiie lyy^ aata-taKing ax loo »orev are summarizea in laoie li^i 
(from yjj)- The larger part of the data collected in 1997 is analysed using mostly the analyses 
tuned for lower energies. Hence, sensitivities are expected to increase by optimization for 
the new data. At a later stage the combination of the data from the LEP experiments will 
significantly increase the sensitivity. 



Final state 


Background 


Efficiency(%) 


A^cxp 


ALl 


5PH 


Hqq 


0.17 


0.23 


21.1 


21.9 


0.24 


1.12 


Hw 


0.06 


0.09 


26.3 


42.9 


0.11 


0.70 


H{ee, fifi) 


0.06 


0.11 


64.2 


74.8 


0.08 


0.40 


Htt 


0.02 


0.02 


18.8 


20.4 


0.01 


0.05 


TTqq 


0.05 


0.03 


17.4 


17.4 


0.02 


0.07 


Total 


0.36 


0.48 




0.46 


2.34 


DELPHI 


Hqq 


0.30 


0.50 


21.6 


23.6 


0.25 


1.21 


Hw 


0.65 


0.61 


36.3 


42.8 


0.12 


0.63 


Hee 


0.13 


0.20 


41.7 


37.2 


0.02 


0.09 




0.04 


0.13 


69.0 


69.8 


0.04 


0.17 


qqrr 


0.31 


0.22 


22.9 


24.4 


0.01 


0.06 


TTqq 


0.32 


0.91 


22.1 


24.4 


0.02 


0.10 


Total 


1.74 


2.50 




0.46 


2.26 


L3 


qqqq 


0.77 


3.68 


28.1 


38.5 


0.37 


1.87 


qqvv 


0.40 


1.46 


46.0 


69.4 


0.17 


0.97 


qqee 


0.03 


0.18 


45.5 


65.8 


0.03 


0.15 


qqH^i 


0.04 


0.15 


34.4 


48.3 


0.02 


0.11 


qqTT 


0.008 


0.23 


13.5 


34.9 


0.01 


0.08 


TTqq 


0.0 


0.25 


0.0 


17.7 


0.0 


0.07 


Total 


1.25 


5.96 




0.60 


3.26 


OPAL 


bbqq 


0.75 


0.88 


30.8 


28.2 


0.35 


1.29 


qqvv 


0.90 


0.55 


38.1 


41.3 


0.16 


0.66 


Hee 


0.06 


0.08 


52.6 


65.3 


0.04 


0.17 


if/i/i 


0.04 


0.06 


67.8 


70.6 


0.04 


0.18 


qqTT 


0.10 


0.41 


17.3 


21.7 


0.01 


0.05 


TTqq 


0.06 


0.18 


17.0 


19.3 


0.02 


0.08 


Total 


1.91 


2.16 




0.62 


2.43 



Table 2: Expected background, signal efficiency, and the expected numbers of signal events 
for a Higgs boson mass of 70 GeV. In each column, the entries on the left are for 161 GeV and 
those on the right for 170 to 172 GeV. 
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Figure 3: DELPHI tagging of 6-quark jets for the example of the Huu candidate. Primary and 
secondary vertices are shown in three dimensions. The bold-faced tracks define the secondary 
vertex. 
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Experiment 


Channel 


(GeV) 


Mass (GeV) 


DELPHI 


Hqq 


172 


58.7 ±3.5 




Hi/I' 


1 ai 

ibi 


D4.D_3 


OPAL 


Hqq 


172 


75.6 ±3.0 






161 


39.3 ±4.9 



Table 3: Candidate events 
from DELPHI and OPAL. 
Their number is in agree- 
ment with the background 
expectation and no peak 
in the reconstructed invari- 
ant mass distribution is ob- 
served. 




log(Wj,) log(Wj,) 

Figure 4: L3 candidates in the Hqq channel (left) and the Huu channel (right). The weights 
of the candidates are shown compared to background (open histogram) and signal (hatched 
histogram) . 



Experiment 
data set 


Limit (GeV) 
161/172 


Limit (GeV) 
& LEPl 


Background 
161/172 


Candidate 
161/172 


ALEPH 


69.6 


70.7 


0.84 





DELPHI 


66.2 




4.24 


2 


L3 


69.3 


69.5 


38.1 


33 


OPAL 


68.9 


69.4 


4.07 


2 



Table 4: Individual 
Higgs boson mass lim- 
its at 95% CL for 161 
to 172 GeV data, and in 
combination with LEPl 
data. The numbers of 
background and candi- 
date events are given. 
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Figure 5: ALEPH MSM Higgs boson mass 
limit including data up to 172 GeV. 
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Figure 7: L3 MSM Higgs boson mass limit 
including data up to 172 GeV. 
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Figure 6: DELPHI MSM Higgs boson mass 
limit including data up to 172 GeV. 
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Figure 8: OPAL MSM Higgs boson mass 
limit including data up to 172 GeV. 



Experiment 


Limit (GeV) 


C (pb-i) 


ALEPH 


83 88.6 


55 


DELPHI 


85.8 83.6 


53.5 


L3 


81.3 82.2 


36 


OPAL 


82 


39 



Table 5: Preliminary expected (left) and observed 
(right) MSM Higgs boson mass limits at 95% CL 
for the luminosity C of analysed 183 GeV data. 
ALEPH, DELPHI and L3 have also released their 
preliminary expected mass limits. Higher (lower) 
observed limits than expected limits correspond to 
slightly less (more) data events observed than ex- 
pected from the background. 
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V^-IJlllUlllCU lV±kJlV± XXl^^O JJUOUll iV,COU.lljO 



Much progress has been made recently in combining the LEP results PU]- Different statistical 
methods of ALEPH [Hj, DELPHI [IS], L3 [12], and OPAL [TT] are used and compared in order 
to derive a 95% CL lower limit on the MSM Higgs mass. The different statistical methods 
satisfy the following criteria: 

• The limit should be at least at the 95% CL and come close to the desired 5% false 
exclusion rate of the Higgs boson hypothesis. 

• The order of the combination of different channels should not change the final limit. 

• The expected limit from combining two channels should exceed the limit from any single 
channel. 

• Candidate events which are incompatible with the Higgs boson hypothesis should not 
change the mass limit. 

The fact that a background fluctuation should not give a stronger limit on the Higgs boson 
hypothesis is taken into account by DELPHI, L3 and OPAL using the modified frequentist 
definition of the confidence level [^ : 

1 — CL = P{Xs+h < -^obs)/-P(-^b < -'^obs), 

while ALEPH uses a more conservative definition without background subtraction: 

1-CL = P(X, <Xobs), 

where Xs,Xb, and Xobs stand for signal, background, and observed distribution functions to 
separate signal and background. Both definitions give better confidence levels than the claimed 
ones, however, the former definition tends to be closer to the claimed confidence level, especially 
for a large number of background events. 

The following methods are used by the four LEP experiments to set a limit: 

• ALEPH: The distribution function is defined as 

n 

X = l[crimH), 

i=l 

where q are the confidence levels for i = l,...,n different channels, and Oj are weight 
factors to ensure that an additional channel never degrades the confidence level. In 
this way, first experiments derive their own limits and, in a second step, the results are 
combined using a simple analytic function. 

• DELPHI: The method uses a likelihood ratio which can be readily derived using Poisson 
statistics: 



i=l i=l 

where Si and bi are the expected signal and background events, and ki is the number of 
observed events for i = 1, ...,n different channels. More generally, taking the probability 
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aisLiiDuxions i:ji{mH,rnij) ana ni\mij) oi tne invariant masses into account, tne lorniuia 
becomes 



biBi(mij) 



Weights are defined for eacli candidate = ln(l + SkSk/bkB^) wliere InQ = — Stot + ^ 
witli X = J2k=i ^k^k and N tlie totai number of candidates. Witli tliis distribution 
function, the confidence level is defined as 

n n n n 

k=l k=l k=l k=l 

where the distribution of rf^^ and are determined with MC simulation using Poisson 
statistics. 

L3: As for DELPHI, a likehhood function is defined for the signal + background hypoth- 
esis: 

The index j runs over all k channels; fj, gj are the fractions of the total signal s and 
total background b, respectively, and rij is the number of candidate events which fall into 
channel j. 

The Bayesian confidence interval is used as distribution function. This requires an addi- 
tional integration over the signal events: 



X 



j^H L{s, b)ds 
jrL{s,b)ds' 



where fi^ is the number of expected signal events, depending on the Higgs boson mass 
hypothesis. In order to come closer to the desired false exclusion rate, 1 — CL is defined 
as in the DELPHI case using MC simulations for signal-and-background, and signal-only 
hypotheses. 

OPAL: A weight is assigned to each candidate event using a weight function F{mi), 
where is the mass of the ith candidate. The weight function is based on the difference 
between a Higgs mass hypothesis and the actual mass distribution of candidate i. In 
order to account for different signal and background ratios in channel k, the following 
weight function is defined: 

Ffe(m) = K{C + bkStot/DTsk)-'Dk{m)/D^'^, 

where K is chosen to set the largest value of Fk to unity, and D is the mass distribution. 
The result is almost independent of the constant C. The distribution function is defined 
as 

n 

X = J2Fk{m), 

k=l 

where n is the number of candidates in all channels. 
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Figure 9: Expected (dashed line) and observed (full line) confidence levels, 1 — CL = CLs, as 
a function of the hypothetical Higgs boson mass, obtained from combining the results of the 
LEP experiments using the four statistical methods. The intersections of the curves with the 
5% horizontal line define the expected and observed 95% CL lower bounds for the mass of the 
MSM Higgs boson. 
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r igure 1^ l^nom [iujj snows iiie coniDiiiea niggs uosoii mass limits using xne lour statistical 
methods. The small differences in the results are in part attributed to the different statistical 
ways of treating with candidates close to the mass limits. Table 1^ (from ^10,) compares the 
expected and observed mass limits for the four statistical methods. The observed mass limits are 
about 2 GeV larger, since the number of observed candidate events is slightly below the number 
of expected background events. For the combined limit, the background-only confidence level 
is between 26% and 35% depending on the statistical method, and thus the data are consistent 
with the background. 



Experiment 


ALEPH 


Statistica 
DELPHI 


1 method 
L3 


OPAL 


ALEPH 
DELPHI 
L3 
OPAL 


68.5 69.6 


68.5 69.6 
65.4 65.9 
66.1 69.4 
65.9 69.0 


68.8 69.6 
65.3 65.9 
65.7 69.3 
65.6 68.6 


68.6 69.6 
65.1 65.5 
65.0 68.2 
65.3 68.9 


LEP 


75.7 77.9 


75.8 77.5 


76.0 77.8 


75.6 77.7 



Table 6: Expected (left) and observed (right) 95% CL mass limits (in GeV) for the individual 
experiments and for LEP combined using, in each case, the four statistical methods. The entries 
in the first column pertaining to the DELPHI, L3 and OPAL experiments are empty since the 
ALEPH method does not recalculate the individual limits. 

The interest of electroweak working groups in the direct limits resulted in the following 
proposal on how to combine the results p^. First, note that the information given is more 
detailed than for a Higgs boson mass limit at the 95% CL. Furthermore, the confidence levels 
are either less than or equal to the signal probability. If one wishes to combine these Higgs boson 
confidence levels with line-shape data using a method, the interpretation of the confidence- 
level as a probability and the conversion of the confidence-level values would lead to a lower 
bound on the Ax^. If one wishes to set upper Higgs boson mass limits in combination with other 
data using Bayesian methods, the lower Ax^ bound would not be conservative. Consequently, 
the given confidence levels are not suitable as a basis for combining the direct limits with other 
results. 

A Ax^ defined from a likelihood ratio could then directly be combined with indirect results. 
The likelihood ratio Q{mH) = Ls+t/Lb corresponding to the signal-and-background and the 
background-only hypotheses is given in the DELPHI statistical method. Figure ITUl (from pH] ) 
shows the resulting 

Ax^ = -2(lnL(m/f) - InL^mn = oo)) = -2\nQ{mH). 

The curve of Ax^(m//) obtained in this manner is shown up to rriH = 80 GeV (solid line). 
The combination of the direct searches from the four experiments was not pursued to higher 
values. An extrapolation to mn beyond 80 GeV is provided by a parabolic fit, performed in 
the domain 70 < rriH < 80 GeV, 

Ax^imn) ~ 0.0743 (m^ - 85.7)^ (1) 

which is shown by the dashed-line curve. The extrapolation is a rough estimate, since threshold 
effects of the Higgs boson production cross section are not considered. 

^ Small differences in comparison with Table 21 exist because of the updated statistical methods. 
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inis metnoa oi aeiiviiig a lax laemicai m tiie metnoa proposea iii wneie tiie 
likelihood L^+h is used instead of the likelihood ratio for the special case in which the background 
does not depend on the Higgs boson mass hypothesis. However, for the L3 experiment the 
likelihood Lb is a function of the Higgs boson mass. Furthermore, a Bayesian interpretation 
shows that the information gain due to direct searches is given by the likelihood ratio, when 
the 'a priori' probability for the signal is small [Zj. 



< 



35 



30 



25 



20 



15 



10 



_ 1 1 1 


LEi 


^ combi 


ned 


- 


- V 








- 


\ 








- 


\ 








- 


- 








- 

































Figure 10: Ax clS cL function of 
the Higgs boson mass from direct 
searches (solid line). The extrapola- 
tion to rriH > 80 GeV is obtained by 
a parabolic fit in the domain 70 < 
tuh < 80 GeV. 
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4 Two Higgs Doublet Results 

In the general framework of the two Higgs doublet model, five physical Higgs bosons are pre- 
dicted: two CP-even Higgs bosons, h and H, a CP-odd Higgs boson. A, and two charged Higgs 
bosons, H^. Searches for these Higgs bosons are performed in the MSM Higgs boson channels 
with suppressed production rates, and for Higgs boson pair-production. The /3-parameter is 
defined as the ratio of the vacuum expectation values of the two Higgs doublets and a is the 
mixing angle of the CP-even Higgs bosons. The results of the MSM Higgs search can be inter- 
preted as limits in the Higgs mass and sin^(/? — a) parameter plane as shown for example in 
Fig. 111! ffrom [2QJ). These results from ALEPH include the LEPl data and the effects of their 
three LEPl candidates are visible. 

The charged Higgs boson production and decay processes are: 



e e 



cscs, csTu, and tutu. 



The resulting signatures are events with four jets, two jets, a r lepton and missing energy, and 
two T leptons with large missing energy. No signal has been observed. The excluded mass 
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region is siiowii in rig. [izj i^iioni [zi] i as a lunction oi xne naaronic aecay di aliening iiaetion. 
Limits from the four LEP experiments are given in Table U\ ||21r.24j^ 



Exp eriment 


Limit (GeV) 


ALEPH 


52 


DELPHI 


54.5 


L3^ 


41.0 


OPAL 


52.0 



"Based on LEPl data only. 



Table 7: Charged Higgs boson mass limits of the four LEP 
experiments. 





m. (GeV/c ) 



11: ALEPH sin(/3 - a) limit. 



42.5 45 47.5 SO 52.5 55 57.5 60 62.5 65 

H*mass (GeV) 

Figure 12: DELPHI charged Higgs boson 
mass limit. 



The search results for neutral Higgs boson pair-production, e'^e~ —>■ hA, are presented from 
DELPHI for the cases in which the Higgs bosons decay mainly into 6-quarks (like the MSM 
Higgs decays) and into non-b quarks. Since no 6-tagging can be applied in the latter case, 
the detection sensitivity is lower. Note that the decay h — > AA is CP-conserving and that 
this channel leading to six quarks has been investigated separately. No indication of a signal 
has been observed and significantly improved limits compared to LEPl are given in Fig. IT!^ 
(from In the more general framework where CP is not conserved [26], the decay A ^ hh 

is also possible and Fig. (from [23]) shows the resulting limits. 

In the case of an additional Higgs boson singlet, a massless Higgs particle exists. It is called 
the Majoron and does not interact with the standard particles. The massive Higgs bosons could 
decay into a pair of these massless Higgs particles and thus their decay would be invisible. The 
search signature is very similar to that for the Huu channel and the four LEP experiments have 
set mass limits. For example. Fig. (from ^7\) gives mass limits under the assumption that 
the Higgs boson is produced with the MSM rate and the decay is completely invisible (plot a), 
and plot (b) shows limits on the production ratio i?inv = <j{Zh)BR{h^mvisih\e)/a{ZHMSM)- 

Based on general searches for a photon pair and missing energy, limits are also set on the 
branching fraction BR{H 77) as shown for example in Fig. ^1 (from [2HI)- 

■^Note the indirect limits from the decay b ^ |18|. 
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Figure 13: DELPHI {mh,mA) limit for CP Figure 14: DELPHI {mh,mA) limit for CP 
conservation in the Higgs sector. violation in the Higgs sector. 
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rate as defined in the text (b). 
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Figure 16: OPAL branching-fraction limits 
for Higgs boson decays into a photon pair. 
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In the Minimal Supersymmetric extension of the Standard Model (MSSM), Higgs boson masses 
and production cross section are related. At the tree-level, only two free parameters describe 
the Higgs boson sector. Typically, the parameter sets are (m^myi), (m^^tan/?), or (m^i^tan/?). 
As an example. Fig. El (from [211]) gives the cross section for the reaction e~^e~ — >■ hA for 
tan/3 = 10 as a function of ruh. Unlike for the MSM Higgs boson search, 161 and 172 GeV 
data are almost equally important. 




Figure 17: Cross sections for hA Higgs 
boson pair-production at various center- 
of-mass energies for tan/? = 10 {rrih ~ 



Interpretations of the ALEPH and DELPHI results are given in Figs. ^1 (from [20]) andfTOl 
(from PlE])- Three regions are shown: the excluded region at 95% CL from the e~^e~ hZ 
and hA searches combined, the theoretically disallowed region and the unexcluded region where 
a discovery is possible. The boundaries are given for three choices of mixing in the scalar top 
sector. This distinction is made because of the important radiative correction effects which 
modify the Higgs boson production rates. These radiative corrections are determined by various 
other parameters of the MSSM, most importantly by the top and scalar top masses. The 
following (SUSY) parameter sets are used as proposed in P^ : 

• rrit = 175 GeV, the top mass. 

• fT^sq = 1000 GeV (also called Msusy); the common mass parameter for all scalar quarks. 

• nig = 1000 GeV, the gaugino mass. 

• ^ = —100 GeV (no and typical mixing), and /i = 1000 GeV (maximal mixing), the mixing 
parameter of the Higgs doublets in the MSSM superpotential. 

• A = (no mixing), A = 1 (typical mixing), and A = \/6 (maximal mixing), the mixing pa- 
rameter in the scalar fermion sector, defined such that the mixing is proportional to Am^g . 

Note that for the low tan/3 region the hZ searches, and for the large tan/? region the hA 
searches determine the exclusion boundary. Figure ITIll gives a preliminary bound tan/? > 1.7 
independent of ruh for the no-mixing case. In the framework of the above parameter sets, 
ALEPH and DELPHI report preliminary results of rrih > 73 GeV at 95% 
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ill aaaixioii to tiie nxea sets oi parameters, tins article presents an iiiaepenaeiit variation 
of the SUSY parameters. Cancellation effects of production cross sections can occur and thus 
some parameter regions are not excluded in this more general framework, as pointed out for 
LEPl data in jSU]. The SUSY parameters described above are varied in the following ranges: 

• 0.5 < tan/3 < 50. 

• 200 < msq < 1000 GeV. 

• 200 <mg< 1000 GeV. 

• -500 < < 500 GeV. 

• -1<A<1. 

Each SUSY parameter combination defines the masses of neutralino, chargino and stop. Con- 
servative experimental limits on these masses, which exclude some parameter combinations, are 
taken into account. No theoretical constraints on the MSSM are assumed. 

The excluded regions are shown in Fig. 1201 in the {mhmA) plane based on the DELPHI 161 
to 172 GeV results. The exclusion of an important region depends on the choice of the SUSY 
parameters (central grey region). In particular, no lower mass limit on either Higgs boson 
mass exists. Examples of unexcluded SUSY parameter combinations leading to suppressed 
bremsstrahlung cross sections and large nih and mass differences are given in Table |^ 



rrih 


VflA 






Vflg 




A 


tan (3 


mi 


m2 


_161 
(^hZ 


_.161 


_172 
^hZ 


_172 
^hA 


52.7 


63 


175 


200 


100 


-500 


1 


6 


220 


299 


0.46 


0.24 


0.41 


0.23 


74.5 


12 


175 


1000 


100 


-500 





0.66 


1001 


1079 


0.0 


0.11 


0.57 


0.10 



Table 8: Examples of unexcluded parameter combinations in the MSSM. Cross sections for 
Higgs boson bremsstrahlung and pair-production are given for yjs = 161 and 172 GeV. All 
masses are given in GeV and cross sections in pb. 



The same variation is repeated assuming four times the luminosity, which corresponds ap- 
proximately to the combined result of the four LEP experiments. Figure |^ shows that the 
mass region where the exclusion depends on the set of SUSY parameters is largely excluded at 
the 95% CL when the data are combined. A lower mass limit of about 60 GeV on the CP-even 
Higgs boson is set, while no mass limit on the CP-odd Higgs boson exists (for small values, 
unexcluded parameter combinations exist for 0.5 < tan/5 < 1). 

6 Prospects 

Previously, detailed studies have been presented for the preparation of the LEP2 run and sen- 
sitivity ranges have been given [21]. In order to estimate the sensitivity reach of the current 
LEP2 run at 183 GeV, the SUSY parameter scan is repeated, assuming the same experimental 
performance and a total luminosity of 200 pb~^, corresponding to 50 pb~^ for each LEP exper- 
iment. The MSSM prospects are given in Fig. |221 For large the limit on rrih is equal to the 
limit on the MSM Higgs boson. Independent of the SUSY parameter choice, lower mass limits 
on CP-even and CP-odd Higgs bosons could be set. These limits are about 60 and 73 GeV, 

■^Other definitions in the literature are irig — M2 <^ O.5M2, and /i ^ —fi. 
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Figure 18: ALEPH MSSM exclusion for 161 
to 172 GeV data. The dark region is theo- 
retically not allowed, and the hatched region 
is excluded. The dashed lines indicate the 
ranges of exclusion from hZ and hA searches. 
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Figure 20: Interpretation of 161 to 172 GeV 
DELPHI data. The region excluded by LEPl 
(very light grey), the newly 95% CL excluded 
region at LEP2 (dark), the region where the 
exclusion depends on the SUSY parameter set 
(grey), the region with no sensitivity (light 
grey), and the theoretically not allowed region 
(white) are shown. 




Figure 19: DELPHI MSSM exclusion for 161 
to 172 GeV data. The dark region is theo- 
retically not allowed, and the grey region is 
excluded. Preliminary results from 183 GeV 
data are included. 




m,(GeV) 

Figure 21: Interpretation of 161 to 172 GeV 
data from four experiments. The region ex- 
cluded by LEPl (very light grey), the newly 
95% CL excluded region at LEP2 (dark), the 
region where the exclusion depends on the 
SUSY parameter set (grey), the region with 
no sensitivity (light grey), and the theoreti- 
cally not allowed region (white) are shown. 
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respectively, ror tiie coniDiiiea aata oi tiie lour iji^r expeiinieiKS tiiese limits are aoout lo 
and 83 GeV. The discovery reach is shghtly lower, assuming a 5a discovery effect, while the 
95% CL exclusion corresponds to a 2a effect. For the combined sensitivity of the four LEP 
experiments, a discovery of an 85 GeV MSM Higgs boson or the exclusion of a 90 GeV Higgs 
boson is anticipated with the 1997 data. 



Figure 22: MSSM prospects for a/s = 
183 GeV and C = 200 pb'^ The region ex- 
cluded by LEPl (very light grey), the 95% CL 
sensitivity region at LEP2 (dark), the region 
where the sensitivity depends on the SUSY 
parameter set (grey), the region with no sen- 
sitivity (light grey), and the theoretically not 
allowed region (white) are shown. 
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(GeV) 

It is exciting that a further energy increase to about 190 GeV is planned for 1998, with the 
potential to find a Higgs boson with a mass of about 95 GeV. Particular larger data statistics 
are needed to find the Higgs boson near the Z boson mass. A possible further energy increase 
to about 200 GeV at a later stage is discussed, which is strongly motivated in the MSSM by 
the fact that the lightest Higgs boson can be found for tan/9 < 2, even for unfavorable values 
of the unknown SUSY parameters. 

The sensitivity mass range for a charged Higgs boson depends largely on the total integrated 
luminosity, and will extend to about 70 GeV for £ = 500 pb~^ 123121] ■ 

7 Conclusions 

No Higgs boson signal has been observed. The Minimal Standard Model Higgs boson mass 
limit at the 95% CL is 77.5 GeV for combined 1996 data, and individual mass limits of up 
to 88.6 GeV are reported for 1997 data. Much progress has also been made in the searches 
for neutral and charged Higgs boson pair-production. Constraints on the parameters of the 
Minimal Supersymmetric extension of the Standard Model have significantly improved. The 
combination of the results from the four LEP experiments is and will be of great importance 
to significantly increase the discovery sensitivity and to determine the excluded mass regions. 
The LEP experiments have an excellent potential for a discovery during the next three years. 
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